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INTRODUCTION

Infrared lasers are ideally suited for the selective and precise removal of carious dental hard
tissue while minimizing the healthy tissue loss. Since the initial investigations of Stern' over 30
years ago, several unique laser applications have evolved for dentistry, namely laser ablation of
dental hard tissue, caries inhibition treatments by localized surface heating, and surface conditioning
for bonding’. During high intensity laser irradiation, marked chemical and physical changes may be
induced in the irradiated dental enamel. ~These changes can have profound effects on the laser
ablation/drilling process and may lead to a reduction in the ablation rate and efficiency, increase
peripheral thermal damage and even lead to stalling without further removal of tissue with
subsequent laser pulses. Moreover, thermal decomposition of the mineral can lead to changes in
the susceptibility of the modified mineral to organic acids in the oral environment. Morphological
changes may result in the formation of loosely attached layers of modified enamel that can
delaminate leading to failure during the bonding to restorative materials. Therefore, it is important
to thoroughly characterize the laser (thermal) induced chemical and crystalline changes after laser
irradiation.

The mineral, hydroxyapatite, found in bone and teeth contains carbonate inclusions that
render it highly susceptible to acid dissolution by organic acids generated from bacteria in dental
plaque. Upon heating to temperatures in excess of 400 °C, the mineral decomposes to form a new
mineral phase that has increased resistance to acid dissolution®. Recent studies suggest that as a side
effect of laser ablation, the walls around the periphery of a cavity preparation will be transformed
through laser heating into a more acid resistant phase with an enhanced resistance to future decay**.
However, poorly crystalhne non-apatite phases of calcium phosphate may have an opposite effect
on plaque acid resistance’ and may increase the quantity of poorly attached grains associated with
delamination failures.

TISSUE IRRADIATION

A prototype sealed transverse excited atmospheric pressure (TEA) laser (Argus Photonics
Group, Jupiter, Fl) operating at 9.6 pm with a pulse duration of 8 ps, resonant with the phosphate
absorption band of carbonated hydroxyapatite was used to irradiate the specimens. Longitudinal
cuts aPproximately 3 mm long and 200-300 pm across were produced on the enamel surface of 5 x
5 mm” blocks from extracted bovine incisors, polished to a 1 pym finish. Two incisions were made
at an incident fluence of 70 J/cm®, one with and one without a layer of water. There were 20 laser
pulses per spot with overlapping laser spots separated by 50 pm to ensure a smooth intensity
profile longitudinally through the incision. The bovine block was scanned using a computer
controlled motion control system ESP 300 (Newport, Irvine, CA) with an X-Y stage. Droplets of
water were manually applied to the ablation site before each sequence of five laser pulses using a
pipette with a volume of 5 pl. The spot profile was single mode and fluences were defined using a
Gaussian beam with a ~250 pm 1/e*beam diameter. After surface ablation, an Olympus microscope
with a maximum magnification of 500 times, interfaced to a digital CCD camera and image analysis
software was used to acquire images of the abated enamel.

FTIR spectroscopy in specular reflectance mode is well suited for resolving chemical
changes on the surface of enamel®. The principal advantage of this technique is that the tissue
reflectance is only influenced by a surface layer of a thickness on the order of the wavelength of the
light. Thus, surface changes localized to the outer 10 um of tissue are probed. In previous studies,
the area of the carbonate bands centered at 1500 cm™ were correlated with the transformation of
mineral phase to a more acid resistant phase of hydroxyapatite with a marked reduction in the
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Fig. 1. (Top left image) CO, laser produced incision in surface of bovine enamel
block at a wavelength of 9.6 pm, pulse duration of 8 ps and fluence of 70 J/cm®.
FTIR spectra were acquired with a spatial resolution of 10 pm from the center of
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the incision to the normal enamel. The spectra change markedly across the crater stage, interfaced  to
topography. beam-line 1.4.3 of the

Advanced Light Source at Lawrence Berkeley National Laboratory was used to acquire spectra of
the dental enamel irradiated with the CO, laser. Specular reflectance spectra were acquired with a
spatial resolution of 10 um by scanning the 10 pm spot imaged by the FTIR microscope across the
laser intensity profile from the center of the laser incision to the normal enamel outside the incision
(Figure 1).

RESULTS

Spectra acquired from within different regions of the two laser irradiated areas on the
samples with and without an applied water layer are shown in Figs. 1-3. The spectra shown in Fig.
1 indicate that the chemical composition of the irradiated dental enamel varies markedly throughout
the different regions of the crater that were exposed to different laser intensity levels. In Fig. 2 we
compare two spectra extracted from the transverse scan of Fig. 1. The first spectra represents the
normal enamel with the characteristic peaks due to the phosphate group in carbonated
hydroxyapatite at 1000 cm™ and two small peaks near 1500 cm™ due to the carbonate group. The
second spectrum of Fig. 2 was taken 60 pm from the center of the crater and it contains none of the
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Fig.2. Two spectra taken from different
positions in the incision shown in Fig. 1. The
normal enamel from outside the crater and the
modified enamel 60 pm from the center of the
incision are represented by the solid line and the
dotted line, respectively. The vertical dotted line
at 1041 cm™ represents the laser wavelength.
Note the shift in the absorption maxima

Fig.3. Two spectra taken from different positions in
an incision made with an added layer of water. The
normal enamel from outside the crater and the
modified enamel at the center of the incision are
represented by the solid line and the dotted line,
respectively



bands representative of hydroxyapatite, tetra-calcium phosphate or even tri-calcium phosphate
phases. Some of the bands are more representative of lower order calcium phosphates such as
mono-calcium phosphate. These new bands, to our knowledge have not been previously observed
in heat treated or laser irradiated dental hard tissues. However, these non-apatite phases are likely to
exhibit higher dissolution rates and be poorly attached to the underlying mineral. Figure 3 shows
two spectra taken from an incision produced under the same conditions as the incision shown in
Figs. 1 & 2 with a droplet of water added before each sequence of five laser pulses. The first
spectrum is of normal enamel and the second is taken from the center of the laser incision. We
suspect that the added layer of water aids in preventing the formation of fused areas of the non-
apatite phases and results in a more desirable surface morphology. The modified enamel of the
walls of the incision is lacking the two carbonate bands located near 1500 cm™. Removal of the
carbonate leaves a hydroxyapatite phase with fewer chemical defects®.

Under the appropriate laser irradiation conditions minor chemical and crystalline changes
were observed in the enamel. These desirable changes are associated with higher bond strengths to
restorative materials and increased resistance to acid dissolution. The non-apatite phases formed
after ablation without water may potentially be more susceptible to acid dissolution and be loosely
attached to the underlying unaltered enamel substrate leading to poor bonding to restorative
materials.

ACKNOWLEDGEMENTS

This work was supported by the DOE DE-AC03-76SF00098, NIH/NIDCR R29DE12091, and

NIH/NIDCR PO1DE09859 grants. The TEA CO, laser was provided by Argus Photonics Group.
The authors gratefully acknowledge Michael Martin of LBL for his assistance at the ALS.

REFERENCES

1. R.H. Stern and R.F. Sognnaes, "Laser beam effect on hard dental tissues," J. Dent. Res. 43, 873
(1964).

2. H A Wigdor, J] T Walsh, J D B Featherstone et al., "Lasers in Dentistry," Lasers Surg. Med. 16,
103-133 (1995).

3. J. D. B. Featherstone and D. G. A. Nelson, "Laser effects on dental hard tissue," Adv. Dent.
Res. 1 (1), 21-26 (1987).

4. N. Konishi, D. Fried, J. D. B. Featherstone et al., "Inhibition of secondary caries by CO2 laser
treatment,” Amer. J. Dent. 12 (5), 213-216 (1999).

5.D A Young, D Fried, and J D B Featherstone, "Ablation and caries inhibition of pits and fissures
by IR laser irradiation,” Lasers in Dentistry VI, San Jose, 2000 SPIE, Vol. 3910, pp. 247-
253.

6. D Fried, "IR ablation of dental enamel," Lasers in Dentistry VI, San Jose, 2000 SPIE, Vol.
3910, pp. 136-148.

7. B.O. Fowler and S. Kuroda, "Changes in heated and in laser-irradiated human tooth enamel and
their probable effects on solubility," Calcif. Tissue Int. 38, 197-208 (1986).

8. J. D. B. Featherstone, D. Fried, and C. Duhn, "Surface dissolution kinetics of dental hard tissue
irradiated over a fluence range of 1-8 J/cm” at a wavelength of 9.3 ym," Lasers in Dentistry
IV, San Jose, CA, 1998 SPIE, Vol. 3248, pp. 146-151.

Principal investigator: Daniel Fried, University of California, San Francisco, Dept. of Preventive and Restorative
Dental Sciences. Telephone: 415-502-6641. Email: dfried@itsa.ucsf.edu.



